Atopic dermatitis (AD) usually develops in patients with an individual or family history of allergic diseases, and is characterized by chronic relapsing inflammation seen especially in childhood, association with IgE hyperproduction and precipitation by environmental factors. However, the exact etiology of AD has been unclear. To further explore the pathogenesis and treatment of AD, a suitable animal model is required. We found that skin lesions, which were clinically and histologically very similar to human AD, spontaneously appeared on the face, neck, ears and dorsal skin of inbred NC/Nga mice when they were raised in non-sterile (conventional) circumstances, but not under specific pathogen-free conditions. Plasma levels of total IgE in conventional NC/Nga mice were markedly elevated from 8 weeks of age, correlating with clinical skin severity of dermatitis. Immunohistochemical examination of the skin lesion showed increased numbers of mast cells and CD4 ϩ T cells containing IL-4 necessary for IgE synthesis. Thus, NC/Nga mice suffered from dermatitis very similar to human AD with IgE hyperproduction, which may be triggered by some environmental factor(s).
Atopic dermatitis (AD) is one of the most common skin in the skin lesions are involved in the pathogenesis of AD (3, (6) (7) (8) (9) . IgE-mediated mast cell activation leads to release of diseases in children with a family history of atopy (1,2) and is frequently associated with elevated serum levels of IgE various kinds of chemical mediators, which results in infiltration of inflammatory cells into the skin lesion, such as eosinophils antibodies against many kinds of inhaled allergens (3) . Epidemiological reports (4, 5) suggest that the onset of AD is and lymphocytes. IL-4 is able to exert switching signals on B cells for IgE synthesis and the IL-4-dependent IgE synthesis influenced by environmental factor(s) and its prevalence is still increasing. Although great attention has been focused is promoted by IL-5 (10) . Both mast cells (11) (12) (13) and T h 2 helper T cells (14, 15) can generate and secrete these cytoon the pathogenesis, the exact etiology of AD has been unclear. Establishment of a suitable animal model is definitely kines. On the other hand, T h 1 helper T cells known as effector cells in contact sensitivity (16) produce IFN-γ that has a of great importance in elucidation of the pathogenesis of AD and to develop new approaches to the therapy. potent activity to suppress IgE synthesis by B cells (17) and proliferation of T h 2 helper T cells (18) . In patients with AD, Many investigators accept that mast cells and CD4 ϩ T cells A decreased production of IFN-γ is considered to be associated with IgE hypersynthesis and T h 2 immune responses (19) .
NC/Nga mice were originated from Japanese fancy mice (Nishiki-Nezumi) and were established as a inbred strain in 1955 (20, 21) . The NC/Nga strain has been reported to have some biological characteristics: liver and kidney esterase like a DBA/2 strain, high susceptibility to X-irradiation, and high susceptibility to anaphylactic shock from ovalbumin. Some Japanese researchers noticed development of spontaneous dermatitis just before or after weaning, but the cause and pathogenesis have been unclear. Therefore, we examined whether the skin lesions which spontaneously appeared in conventionally raised NC/Nga mice were comparable to human AD. No skin lesions were detected clinically in males and females of specific pathogen-free (SPF) NC/Nga mice that were maintained in a laminar filter-air flow enclosure in a bioclean room (Fig. 1A) . When several mating pairs of SPF NC/Nga mice were moved to an air-uncontrolled conventional room, various grades of dermatitis were observed clinically on the face, ears, nose, neck and dorsal skin, starting from the age of 8 weeks in all the progeny (Fig. 1A) . To compare the skin lesions of the mice with those of human AD (6, 7) , clinical severity of the dermatitis was scored by previously described macroscopic diagnostic criteria for human AD (22) . Clinical signs and symptoms seen in conventional NC/Nga mice began with itching, erythema and hemorrhage, followed by edema, superficial erosion, deep excoriation, scaling and dryness of the skin, and retarded growth. Total severity scores were increased with aging, and reached a clinical score of more than 13 of 15 points in 17-week-old males and females (Fig. 1B) . Similarly aged BALB/c mice, that were maintained with conventional NC/Nga mice in the same cage from 7 to 17 weeks of age, showed no significant clinical signs or symptoms (Fig. 1B) , suggesting edema was present, but vesicle formation was not observed. The number of mast cells with moderate or marked degranulation was increased more than three times compared to that of 7-week-old mice (Table 1 ). In conventional NC/Nga mice, lesions (23, 24) . In contrast, there were no significant differences in numbers of mast cells and eosinophils between 7 and numerous eosinophils with slight or mild degranulation were observed in the skin lesion at 7 weeks old. At 17 weeks old, 17 weeks in SPF NC/Nga mice, and neither mast cells nor eosinophils with significant degranulation were observed eosinophil numbers were decreased to Ͻ30% compared with 7 weeks old ( Table 1 ) and most of the remaining eosinophils (Table 1) .
Immunohistochemical analysis for the skin in 17-week-old were severely degranulated: prominent eosinophilic materials were deposited widely in the skin lesions, suggesting that granconventional NC/Nga mice demonstrated that CD4 ϩ T cells, and Mac-1 ϩ and F4/80 ϩ macrophages were predominant in ule proteins such as major basic protein and eosinophil cationic protein might be released from activated eosinophils in the skin the dermis of the skin lesions but a few CD8 ϩ T cells were a Small pieces were cut from dorsal skin of mice at 17 weeks of age, fixed in 10% phosphate-buffered formalin (pH 7.2), embedded in paraffin, cut at 4 µm, and stained with acidic toluidine blue (pH 4.0) for counting mast cells (39) and with Congo red for counting eosinophils (40). The remaining part of the skin was embedded in OCT compound (Miles) and snap frozen in liquid nitrogen. Frozen sections cut in 6 µm were fixed in cold acetone. After treatment to inhibit endogenous peroxidase, rat mAb against mouse CD4 (5 µg/ml) (PharMingen), CD8 (2.5 µg/ml) (Becton Dickinson, Mountain View, CA), Mac-1 (5 µg/ml) (PharMingen) or F4/80 (700 µg/ml culture supernatant) (Serotec, Oxford, UK) were applied, and then goat anti-rat IgG conjugated with peroxidase was overlaid. Visualization of the reaction products was performed with 3-3Ј-diaminobenzidine tetrahydrochloride. Cells between epithelium and panniculus carnosus were counted under a microscope (41) at a magnification of ϫ400 and were expressed as the total number of the cells in five fields. Each value was obtained from four mice per group. b P Ͻ 0.05, c P Ͻ 0.001, when compared with SPF mice.
observed (Table 1) . On the other hand, both intact SPF NC/ of eosinophils may release inflammatory factors, such as platelet activating factor, leukotriene C4 and major basic Nga mice and BALB/c mice showed no similar changes histologically. Thus, the onset of the dermatitis was characprotein (26) (27) (28) , that aggravate the condition of the dermatitis. In addition, infiltration of numerous CD4 ϩ T cells and macroterized histopathologically by increased mast cells with mild degranulation and infiltration of numerous eosinophils. Since phages, and a few CD8 ϩ T cells that were seen in the skin lesions, are consistent with immunological features of AD (8) . slight but significant elevation of total IgE levels was noted at 6 weeks (Fig. 3) , various kinds of chemical mediators and Thus, these results indicated that conventional NC/Nga mice spontaneously suffered from dermatitis, with clinical and cytokines (25) released from mast cells that were immunologically activated might lead to primary inflammation in the histological features similar to human AD (6-9), and which was probably triggered by some environmental factor(s). skin, including infiltration of eosinophils. Marked degranulation IgE synthesis in B cells is probably regulated by IL-4 that is produced from T h 2 helper T cells (14, 15) , and also from mast cells (11) (12) (13) and basophils (30, 31) that are activated in response to IgE-dependent signaling. In addition, IL-4 promotes the growth of murine mast cells (32) . Therefore, IL-4-producing cell populations in the skin and spleen of 17-week-old SPF and conventional NC/Nga mice were identified using an immunohistochemical technique. IL-5 not only amplifies IL-4-dependent IgE synthesis (10), but also stimulates differentiation and functions of eosinophils (33,34) and IgG synthesis (10) . IFN-γ suppresses IgE synthesis (17) and proliferation of murine IL-4-producing T cells (18) , and its defective production may result in elevated IgE synthesis (19) . In 17-week-old conventional NC/Nga mice, mast cells (~38%) and CD4 ϩ T cells (~10%) in the skin lesions expressed a variety of immunoreactivities for IL-4; a positive reaction for IL-5 was observed in Ͼ25% of mast cells and Ͻ4% of CD4 ϩ T cells (Fig. 4A and B) . A small number of mast cells and CD4 ϩ T cells showed weakly positive reactions for IFN-γ in the skin lesions of NC/Nga mice ( Fig. 4A and B) . In the skin of SPF NC/Nga mice, little or no reaction was observed in mast cells and CD4 ϩ T cells when stained with appropriate mAb to these cytokines.
In spleens, positive staining for IL-4 was detected in a very few lymphocytes in the periarterial lymphoid sheath (a T cell zone) of conventional NC/Nga mice; most lymphocytes in the T cell zone were positive for IL-5 staining (Fig. 5) . In contrast, little positive reaction for these two cytokines was detected in spleens of SPF NC/Nga mice. Taken together, these results suggest that IL-4 secreted from activated mast cells and CD4 ϩ T cells in the skin lesions may induce IgE synthesis in B cells and support the growth of mast cells to some extent; that marked infiltration and activation of eosinophils may be induced by IL-5 also released from activated mast cells in the skin lesions and from lymphocytes in the spleen; and also IFN-γ production might also promote IgE synthesis in convenmeasured by a sandwich ELISA using two kinds of rat anti-mouse IgE mAb (6HD5 and HMK12) according to a method described tional NC/Nga mice.
previously (42) . Total IgG levels were determined using an ELISA kit IL-4 may act as a key cytokine in the process of atopic reported to be another source of IL-4 in the skin lesions of AD patients (36) , and IL-4 and IL-5 in nasal mucosa of allergic rhinitic subjects (37). Tepper et al. (38) examined the biologic role of IL-4 by producing IL-4 transgenic mice. These mice Next, we measured plasma levels of total IgE and IgG in NC/ Nga mice and BALB/c mice. As shown in Fig. 3, con- showed IgE hyperproduction and bilateral eyelid inflammation with allergic histopathological findings roughly comparable ventional NC/Nga mice had high levels of IgE (~25 µg/ml) at 8 weeks of age, when mild dermatitis was clinically to those observed here in the skin of conventional NC/Nga mice. Accordingly, we postulate that IL-4 released from skin evident. Then IgE levels were increased markedly by 10 weeks (~70 µg/ml) and plateaued at 17 weeks, thus correlating mast cells and CD4 ϩ T cells may be directly or indirectly involved in the pathogenesis of the AD-like lesions occurring with clinical severity of dermatitis. Total IgG concentrations were normal by 12 weeks of age, but dramatically risen at 17 in the dermatitis of conventional NC/Nga mice. The experiments described here suggest that NC/Nga mice weeks of age. In contrast, plasma IgE and IgG levels in SPF NC/Nga and BALB/c mice remained at levels Ͻ0.5 µg/ml and are a suitable model for certain aspects of human AD and that their dermatitis with IgE hyperproduction is influenced by 3.5 mg/ml respectively. The observation that IgE levels increased in association with clinical severity of dermatitis in environmental factor(s), and is due, at least in part, to IL-4 and IL-5 released by mast cells and CD4 ϩ T cells of the conventional NC/Nga mice was similar to that reported in AD patients with IgE hyperproduction (3, 29) .
affected skin. Thus, we consider that NC/Nga mice are a After pretreatment with a solution of 0.1% sodium azide and 0.3% hydrogen peroxide for 10 min to inhibit endogenous peroxidase, the preparations were treated with blocking medium (10% normal goat serum in PBS). Rat mAb against mouse IL-4, IL-5 or IFN-γ obtained from PharMingen (San Diego, CA) were applied at a dose of 25 µg/ml. After washing, goat anti-rat IgG conjugated with peroxidase (Jackson Immunoresearch, West Grove, PA) was overlaid. Visualization of the reaction products was performed with 3-3Ј-diaminobenzidine tetrahydrochloride (right column). Serial frozen sections of skins were stained with acidified toluidine blue (pH 4.0) to identify mast cells (left column) (ϫ450). (B) Rat mAb against the cytokines were applied on to the frozen sections. After washing, the preparations were treated with FITC-conjugated goat anti-rat IgG (H ϩ L) (Jackson) (right column). To identify CD4 ϩ T cells (left column), biotinylated rat anti-mouse CD4 mAb (PharMingen) was applied at a dose of 20 µg/ml and the preparations were treated with Texas red-conjugated streptoavidin (PharMingen) at a dose of 2 µg/ml. Cytokine-producing cells were visualized using a MRC-1024 confocal imaging system (BioRad, Hercules, CA) (ϫ400). 
